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Abstract
We describe two techniques for rendering isosurfaces in multiresolution volume data such that the uncertainty
(error) in the data is shown in the resulting visualization. In general the visualization of uncertainty in data is
difficult, but the nature of isosurface rendering makes it amenable to an effective solution. In addition to showing
the error in the data used to generate the isosurface, we also show the value of an additional data variate on the
isosurface. The results combine multiresolution and uncertainty visualization techniques into a hybrid approach.
Our technique is applied to multiresolution examples from the medical domain.
Categories and Subject Descriptors (according to ACM CCS): I.3.6 [Computer Graphics]: Methodology and Tech-
niques I.3.8 [Computer Graphics]: Applications
1. Introduction
With the exception of geographic information systems (see,
for example, Hunter and Goodchild 6), there has not been a
large amount of research into identifying and visualizing the
uncertainty in data. Recently, however, researchers in other
fields have begun to address this issue. For example, Lodha
and Pang have experimented with visualizing uncertainty in
vector fields 9, 10, 12, 14, 15, and Cignoni et al. 3 have developed
a tool, Metro, for visualizing mesh surface approximation
error. In addition to the very difficult problem of identify-
ing and maintaining the error itself, it is also very difficult to
present that error to the user in an effective and meaningful
form.
Incorporating uncertainty into any visualization requires
rendering at least one additional variate (actually we need
to add one new variate for each variate that has its own er-
ror measure). Although many innovative multivariate visual-
ization techniques have been developed in recent years and
some have proven useful in some situations, this is a chal-
lenging problem which is exacerbated by the enormous size
of modern scientific data.
In principal, we would like to incorporate the uncertainty
information into the data visualization. When the error in-
formation is locally defined (i.e., it has about the same res-
olution as the data), this approach usually results in some
form of degradation in the display of the data itself. Witten-
brink et al. 15 call these overloading techniques (as opposed
to their glyph-based technique which they call verity visu-
alization). Cedilnik and Rheingans 2 use annotations with a
visualization in order to reduce the distraction caused by the
error visualization. In order to be most effective, it is im-
portant that the user have the ability to turn the uncertainty
visualization on and off interactively. With uncertainty visu-
alization disabled, the user is likely to have the best chance
of understanding the fundamental nature of the data. After
enabling the uncertainty visualization, the user can now get
an understanding of the error in the data.
1.1. Multiresolution Data
One major reason for the relatively low emphasis placed on
uncertainty visualization in the past is that uncertainty in-
formation is seldom available except in very abstract forms.
With the growing interest in the generation of coarse reso-
lution approximations to a large dataset, explicit error infor-
mation is more readily available. Creating multiresolution
data often introduces additional error into the data, but it is
often relatively easy to measure this new error and it is usu-
ally significantly greater than the error in the original data.
Consequently, we can expect to be able to create and access
error information about coarse resolutions of a multiresolu-
tion data hierarchy. Furthermore, it is particularly important
to incorporate error into the visualization of data that is only
a coarse approximation to the real data. A scientist needs
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to know what portions of a coarse resolution visualization
have relatively low error (and therefore are an authentic rep-
resentation of the data in that area) and which have a rela-
tively high error. The representation of the low error regions
is likely to be reasonably authentic, but the scientist is likely
to want to visualize areas of high error at a higher resolution,
e.g., an adaptive resolution visualization.
1.2. Isosurface Rendering
Isosurface rendering is a very good candidate for adding un-
certainty visualization. Rendering an isosurface within a vol-
ume of univariate data is a very effective technique for many
applications. Since all the data being visualized has the same
data value, the particular value does not need to be incorpo-
rated into the visualization. Conventional isosurface render-
ing assigns a constant color to the vertices of the triangles
that define the isosurface, and uses standard lighting models
and Gouraud interpolation to give a sense of the shape of the
isosurface. Consequently the color (and texture) parameter
may be available for visualizing the uncertainty. It is impor-
tant to realize that this approach allows us to visualize the
error of the data used to generate the isosurface rather than
the error between the low and high resolution versions of the
isosurface.
1.3. Overview
In this paper we describe some experiments with incorporat-
ing an uncertainty variate into isosurface rendering. Our vi-
sualization tool is part of a broader research effort to develop
a formal model and a support environment for dealing with
large multiresolution and adaptive resolution data sets 8, 13.
A fundamental aspect of this model is the incorporation of
local error measures into the data representation. Although
our uncertainty visualization does not depend on any partic-
ular technique for generating the volume data, we start by
describing our wavelet-based multiresolution volume data
which does incorporate a meaningful error component. We
conclude with some specific examples of the visual results
of the approach.
2. Multiresolution Volume Data
Our motivation for developing a tool for incorporating un-
certainty into isosurface rendering arose from our interest
in using multiresolution data representation for large scien-
tific data sets 16, 17. We are particularly interested in gener-
ating coarse approximations to a large dataset that are more
tractable in terms of size but still retain sufficient authentic-
ity to be useful. For this approach to be viable, it is critical
that we provide an estimate of the error that is introduced
into the coarse data on a local basis. In principle, every data
point in each level of a multiresolution data hierarchy in-
cludes both data and an error measure associated with that
data –its uncertainty. In other words, we want to identify the
regions of the data where the coarse representation is not an
authentic representation of the original data.
3. Isosurface Rendering with Error
We have extended the standard Marching Cubes algorithm 11
to incorporate a measure of the error of the data. Volume data
points contain both data values and the error associated with
each data point. During the Marching Cubes algorithm, we
compute an error associated with each triangle vertex by in-
terpolating between the error values of the associated cube
vertex error values. We use the error value for each triangle
vertex to modify the appearance of that portion of the isosur-
face.
3.1. Uncertainty Representation using Hue
The vertices of the triangles that define the isosurface are as-
signed a color based on hue, saturation and brightness and
the triangles are then rendered using an external light source
and Gouraud shading. For basic isosurface rendering (with-
out uncertainty enabled), all triangle vertices have the same
color. The user may choose to map the uncertainty to any of
the three color parameters (hue, saturation and brightness),
while leaving the other two parameters fixed. In addition, the
user can interactively select what constant values should be
used for the other two color parameters. Since hue is speci-
fied as an angle between 0 and 360, it is clearly not desirable
that the full range be used. If it were, the largest and small-
est error values would have the same hue. Consequently, we
allow the user to select the range of hues that should be used
for the uncertainty.
Although we allow users to assign the uncertainty rendering
to any of the three color parameters (hue, saturation, bright-
ness), we recognize that the most reasonable mapping for
this particular problem is to map the error to the hue. The
brightness component is needed in order to effectively rep-
resent the shape of the isosurface and it is generally agreed
that we are more sensitive to hue changes than saturation
changes. In general, the perceptual issues associated with
color usage are beyond the scope of this paper.
3.2. Uncertainty Rendering using Texture
We have developed a second error visualization method that
uses texture to show regions of the isosurface with high
uncertainty. Textures and texture hardware have been used
by various researchers as an aid to data visualization 1, 3, 7.
These approaches either use texture hardware to accelerate
visualization, or rely heavily on the color component of the
textures for their visual effects. Our approach, on the other
hand, does not use hue as part of the texture, so that it is
available for visualizing another variate on the isosurface.
Our implementation uses a second texture surface which en-
velops the original isosurface, but is slightly offset from it.
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A stipple texture is mapped to this surface, and the opacity
is varied according to the uncertainty of the data. That is, the
texture will be most visible in areas with high uncertainty,
but absent or faint where uncertainty is low.
Figure 4 left, shows the relationship between color and tex-
ture visualization. The top row simply shows a set of typical
hues. The middle row shows a texture imposed over a green
surface. The texture becomes increasingly visible as the tiles
progress to the right. Notice that the underlying green can
still be seen, even in the rightmost tile. In the bottom row,
the hue of each tile varies as in the top row, but now we
have imposed the texture as well. The texture becomes in-
creasingly visible as we progress to the right. In either case,
both the texture and underlying hue are suitable for visu-
alizing distinct variates. For example, with CFD simulation
data, we might use the pressure variate to compute the iso-
surface, map the error of the pressure to the texture surface
and render the temperature variate to the surface hue.
4. Experimental Results
Our isosurface software is implemented in Java and is built
on the VisAD system 4, 5 which uses Java3D for rendering.
Figures 1 through 3 were rendered directly in this system.
The remaining figures were rendered in a separate program
using gl4java (http://www.jausoft.com/gl4java.html) since
we needed a lower-level API to implement the texture-based
error visualization.
For these tests we used a CAT scan of a cadaver head
courtesy of North Carolina Memorial Hospital and Siemens
Medical Systems, Inc., Iselin, NJ. The original data is 113×
256× 256. For the convenience of the wavelet transform,
we appended 15 slices of padding to get a 128× 256× 256
dataset. We then applied a 2D Haar wavelet to each slice and
three successive 3D Haar wavelets to get a 4 level hierarchy.
Figure 1 left, shows an isosurface rendering of the 1283 rep-
resentation for the isovalue 0.185 (a skin value). The next
two coarser resolutions of the skin isosurface are shown in
Figure 1 middle, (643) and Figure 1 right, (323). It is clear
that the surface shown in Figure 1 middle, is coarser than that
shown in Figure 1 left, but the overall impressions of the two
surfaces are very similar. Figure 1 right, however, shows a
substantial loss of accuracy of the surface. Hence these three
resolutions serve as a useful basis for comparison.
4.1. Uncertainty Mapped to Hue
Figure 2 left, shows the skin value isosurface of the 1283 res-
olution representation with constant saturation and bright-
ness and uncertainty mapped to the range of hue from 144
degrees (green) down to 0 degrees (red). In other words,
green represents low uncertainty and red high uncertainty.
The error associated with the 1283 dataset is very low and
this is reflected in the visualization. At normal scale no high
error areas are visible although at very high magnification
it is possible to see some very light pink areas around the
mouth region. Figure 2 middle, shows the uncertainty vi-
sualization of the 643 dataset using the same visualization
parameters as Figure 2 left. Here more error is readily dis-
cernible as reddish areas around the mouth, eyes, and fore-
head. Figure 2 right, shows the 323 resolution data with the
same visualization parameters. As we would expect, there is
obviously increased error in many areas of the isosurface.
It is not clear what range of error might be expected for dif-
ferent kinds of input data and so it is also unlikely that there
is a single ideal mapping of error to color. Figure 3 middle,
and Figure 3 right, show the 643 and 323 data sets with a
narrower hue range (108 to 0) intended to accentuate the er-
ror while maintaining red as the color of the highest error.
In addition to the MR isosurface renderer we have shown
here, we have incorporated this technique into a system for
creating and rendering adaptive resolution representations 8.
Figure 3 left, shows a result of that work.
4.2. Uncertainty Mapped to Texture Opacity
The last several figures show our texture based error visual-
ization method. Figure 4 middle, shows the skull data with
error mapped to texture transparency. Regions of high error
can be seen above the ear and proceeding left towards the
forehead. Figure 4 right, demonstrates the use of texture vi-
sualization of error while hue is mapped to another variate.
For this example, we generated a synthetic variate based on
polygon normals to demonstrate the technique. It is difficult
to see the texture in a small picture, but we provide an en-
largement of the forehead area in Figure 5. The texture vi-
sualized error can be clearly seen even though it interferes
minimally with the accurate visualization of the second syn-
thetic variate.
4.3. Error Visualization Performance
We ran our tool on a dual processor 800MHz Mac OS X
machine using a GeForce 3 graphics card that has 64MB of
memory. This tool assembles the isosurface polygons into
an OpenGL display list, which is then used for rendering.
Therefore, the computations for error visualization occur
only once. Such an approach works well for static data and
takes advantage of the graphics card, which also impacts per-
formance. Table 1 shows the performance in FPS of both hue
and texture based error visualization methods for different
data set sizes. Since the texture-based technique doubles the
number of polygons rendered, speed is roughly halved when
compared to the hue based method. On modest hardware,
we achieve marginally interactive speeds even with the 1283
data set using the texture-based method.
5. Conclusions and Future Research
Isosurface rendering of multiresolution data is an ideal can-
didate for including uncertainty visualization. The incorpo-
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Table 1: Sample frame rates for the error visualization.
ration of the uncertainty into the visualization using color
is relatively straightforward and provides effective feedback
about where the visualization is unreliable without detract-
ing significantly from the data visualization, especially in ar-
eas of low uncertainty. Texture based visualization of uncer-
tainty has the additional benefit of making the surface color
available for the visualization of another variate. In the fu-
ture we intend to incorporate uncertainty into more com-
plex visualization techniques, such as direct volume render-
ing (DVR) and flow visualization.
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Figure 1: Three isosurfaces corresponding to skin, isovalue 0.185, with uncertainty disabled: (left) 1283, (middle) 643, (right)
323
Figure 2: The three isosurfaces from Figure 1 with uncertainty mapped to hue in the range (144, 0): (left) 1283, (middle) 643,
(right) 323
Figure 3: (left) An adaptive resolution isosurface corresponding to bone, isovalue 0.378, with uncertainty mapped to hue in the
range (144, 0), (middle) uncertainty mapped to hue in the range (108, 0), 643, (right) uncertainty mapped to hue in the range
(108, 0), 323
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Figure 4: (left) A) Varying hue only, B) Texture of increasing opacity over constant hue, C) Increasing opacity over varying hue
(middle) Error mapped to texture opacity over a constant hue, (right) Error mapped opacity over a hue mapped to a synthetic
variate
Figure 5: A close up of the forehead region from Figure 4, right. The texture can be clearly seen, but interferes minimally with
the underlying hue.
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